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ABSTRACT
We investigate the relation between the turbulent Mach number (M) and the escape fraction
of Lyman continuum photons (fesc) in high-redshift galaxies. Approximating the turbulence as
isothermal and isotropic, we show that the increase in the variance in column densities from
M = 1 toM = 10 causes fesc to increase by ≈ 25%, and the increase fromM = 1 toM = 20
causes fesc to increases by ≈ 50% for a medium with opacity τ ≈ 1. At a fixed Mach number,
the correction factor for escape fraction relative to a constant column density case scales expo-
nentially with the opacity in the cell, which has a large impact for simulated star forming regions.
Furthermore, in simulations of isotropic turbulence with full atomic/ionic cooling and chemistry,
the fraction of HI drops by a factor of ≈ 2.5 at M ≈ 10 even when the mean temperature is
≈ 5 × 103K. If turbulence is unresolved, these effects together enhance fesc by a factor > 3
at Mach numbers above 10. Such Mach numbers are common at high-redshifts where vigor-
ous turbulence is driven by supernovae, gravitational instabilities, and merger activity, as shown
both by numerical simulations and observations. These results, if implemented in the current
hydrodynamical cosmological simulations to account for unresolved turbulence, can boost the
theoretical predictions of the Lyman Continuum photon escape fraction and further constrain
the sources of reionization.
1. INTRODUCTION
Observations of high-redshift quasars indicate that
the universe was reionized by z = 6 (Fan et al.
2002, 2006; Becker et al. 2007; Mortlock et al. 2011).
Similarly, Planck satellite measurements constrain the
reionization optical depth to be τ = 0.066 ± 0.016,
corresponding to a redshift of z ≈ 8.8 (Planck Collab-
oration et al. 2016). However, there is a debate as to
whether dwarf galaxies or quasars provided the ion-
izing photons that caused this transition (Volonteri &
Gnedin 2009; Grissom et al. 2014). An escape frac-
tion of ionizing photons, fesc, above 10% may be nec-
essary to explain reionization by dwarf galaxies alone
(Wise & Cen 2009; Kim et al. 2013), while still higher
levels of z > 9 ionizing photons are necessary to ex-
plain the observed electron optical depth observed by
Planck.
Although the correlation between fesc, halo mass,
and redshift has been studied by various groups, the
results are often inconsistent, with a wide range of
fesc values reported in the literature (see Xu et al.
2016, and references therein). Gnedin et al. (2008),
for example, find that fesc increases in galaxies with
higher star formation rates because in these galax-
ies young stars are found at the edge of the HI disks
and are therefore not enshrouded in the disk’s gas.
However, they also find that fesc is less than 0.01
for systems with total masses below 5 × 1010M, a
number that is very difficult to reconcile with reion-
ization measurements (Gnedin 2008). Similarly, for
high-redshift systems, Wood & Loeb (2000) argued
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that higher disk densities at high redshifts would lead
to a drop in the escape fraction, with fesc ≈ 0.01 for
sources at z ≈ 10. On the other hand, recent high-
resolution zoom simulations by Kimm & Cen (2014)
suggest that runaway OB stars and supernovae may
lead to escape fractions as high as fesc ≈ 14%.
A key question regarding these estimates is how
unresolved turbulent structures impact the escape
fraction of LyC photons. Accounting for these struc-
tures would mean capturing the underlying probability
distribution function of gas density and correcting the
column density distribution of gas in the host galaxies
containing massive stars. To achieve this one would
need to resolve the driving scale of the turbulence
(Ldrive) by at least 50 elements (e.g. Gray et al. 2015).
Estimating Ldrive is not an easy task, as it could
be set by many plausible mechanisms, including su-
pernova feedback, gravitational instability, the infall of
gas clumps, and thermal instabilities (Wise & Abel
2007; Wise et al. 2008; Green et al. 2010; Krumholz
& Burkhart 2016). For example, Chepurnov et al.
(2015) measure a driving scale of 2.3 kpc based on
the velocity power spectrum of the Small Magellanic
Cloud (SMC) which implies that large-scale galaxy-
galaxy interactions drive the turbulence. However,
Martizzi et al. (2016) find Ldrive ≈ 100 pc in their
supernova driven vertically stratified medium, consis-
tent with the observations of Dib et al. (2009) which
find a Ldrive ≈ 100 − 800 pc based on the orien-
tation of molecular clouds with respect to the galac-
tic plane. Furthermore, it is expected that the driving
scale decreases at higher redshifts, because galaxies
become smaller (Ferguson et al. 2004) and clumpy in
their morphology (Guo et al. 2015). Therefore it would
be rather difficult to claim that turbulence is resolved
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2in simulations of high-redshift galaxy formation.
Failing to resolve this structure would smear out the
probability distribution function (PDF) of the super-
sonic turbulent gas, which would otherwise approx-
imately follow a log-normal distribution with a vari-
ance that is a function of the turbulent Mach number
(Vazquez-Semadeni 1994; Ostriker et al. 2001; Hop-
kins 2013; Nolan et al. 2015). Conservation of mass
implies that at higherM, the peak of the density PDF
shifts to lower values and the PDF becomes broader.
This increase in the variance of the PDF increases the
relative fraction of very low column densities, which
leads to low column density sight lines that are ideal
for the escape of ionizing photons.
Furthermore, recent simulations of non-isothermal
isotropic turbulence, show that even at temperatures
as low as T≈ 5 × 103K, the HI fraction drops by a
factor of ≈ 2.5 for the studied range of Mach number
1 < M < 12 (Gray & Scannapieco 2016) and more
so when the background ultraviolet light is taken into
account. Like the increase in the variance of the col-
umn depth described above, this drop in the HI mass
fraction would increase the probability that a photon
would escape a higher Mach number medium due to
unresolved turbulence.
In this letter, we bring these two facts into atten-
tion and argue that their combined effect is sufficient
to increase current estimates of the escape by a fac-
tor three or more in cases in which the average Mach
number of the medium is above M≈ 7. The struc-
ture of this work is as follows: In §2 we describe a
simple model of how the escape fraction scales with
Mach number, in §3 we describe how this scaling is
likely to affect current estimates of fesc as a function
of redshift, and in §4 we give conclusions.
2. MODELING A TURBULENT MEDIUM
The density distribution in a non-magnetized super-
sonic box is well approximated by a log-normal distri-
bution where
σ2lnρ = ln(1 + b
2M2), (1)
(Vazquez-Semadeni 1994; Ostriker et al. 2001). The
PDF of column densities (Σ) at the driving scale is
also well-approximated by a lognormal distribution
(Ostriker et al. 2001; Federrath et al. 2010; Burkhart
et al. 2015):
p(x,M) = 1
(2piσ2ln Σ)
1/2
exp
[
− (x− x)
2
2σ2ln Σ
]
, (2)
where x ≡ ln(Σ/〈Σ〉). Conservation of mass re-
quires that the mean x and dispersion σln Σ in p(x)
be related by x = −σ2ln Σ/2. By assuming a form of
power spectrum for density fluctuations, the variance
in the two-dimensional projected column density is re-
lated to the variance in the three-dimensional density
field (Brunt et al. 2010). In this case Thompson &
Krumholz (2016) find the dispersion of the logarithm
of column density to be
σlnΣ ≈ ln(1 +Rb2M), (3)
where
R =
1
2
(
3− α
2− α
)[
1−M2(2−α)
1−M2(3−α)
]
, (4)
and α is the slope of the turbulent power spectrum
P (k) ∝ k−α for 1 ≤ k ≤ M2 and zero otherwise.
Here k is in normalized units such that kx = 1 corre-
sponds to a mode with with wavelength λ = 2Ldrive.
Federrath et al. (2008) showed b = 1 for purely com-
pressive forcing (∆ × F = 0) and b = 1/3 for purely
solenoidal (∆.F = 0). Gray et al. (2015) found b =
0.53 best fits their simulation result where they relax
the assumption of isothermal turbulence and model
the cooling and atomic chemistry of the gas in a su-
personic turbulent box.
While both HI and dust can absorb the LyC pho-
tons, dust is found to have a negligible impact on the
final escape fraction of photons in the presence of
neutral Hydrogen (Gnedin et al. 2008). This is be-
cause the dust opacity is in general much less than
HI (τdust << τHI) for ionizing photons and for lines-
of-sight where τdust > 1, the hydrogen opacity is al-
ready so large that it dominates. To model the effect
of increasing the Mach number on the escape frac-
tion of LyC photons, we therefore take the distribution
of HI column densities, multiply by the opacity of each
column which is directly proportional to the column
density and integrate over all the column densities:
Esc(M, τmean) =
∫ +∞
−∞
p(x,M)e−τνdx, (5)
where τν = κνΣ = κν〈Σ〉ex. κν is the hydrogen
opacity per unit mass in cm2/gr at frequency (ν). The
escape fraction is a function of both M and τmean
(the product of κν〈Σ〉). We compute the integral as a
function of these two parameters and report the rela-
tive enhancement of escape fraction as compared to
the case assuming a constant column density of 〈Σ〉.
Only a specific range in x makes most of the contribu-
tion to the integral, because the PDF drops at either
too high or too low column densities. Moreover, high
column densities suffer from large absorption which
makes them irrelevant for contributing to the escape
fraction. This point is illustrated in Figure 1.
It should be noted that in our calculations we have
assumed the scale height (H) of the galaxy in the
question is comparable or less than the driving scale
of turbulence. If, on the other hand, the scale height
of the system is larger than the driving scale (H >
Ldrive), then the PDF of column densities would be
the product of of N lognormal PDFs characterized
by σlnΣ =
√
NσdrivelnΣ and 〈Σ〉 = N〈Σ〉drive where
N = H/Ldrive.
Figure 1 shows the function p(x) for three different
Mach numbers as well as the normalized escape frac-
tion computed for different ranges of the lower limit on
x. The lower panel plot indicates to what lower lim-
its in column densities one needs to integrate, and
therefore resolve in the simulations, in order to prop-
erly measure the escape fraction of ionizing photons.
At higher Mach numbers, we would need to integrate
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FIG. 1.— Top: The qualitative behavior of p(x), the probability
density function of ln column density, computed for three different
representative Mach numbers. Bottom: The impact of very low col-
umn densities on the escape fraction relative relative to the case
assuming a constant column density of 〈Σ〉 for a grid cell. We have
considered b = 1/2 for all the curves and assumed a turbulent
power spectrum with p(k) = k−α with α = 2.5. We have as-
sumed κν〈Σ〉 = 1 in this calculation.
to lower values in x to compute the total escape frac-
tion. The lower limit that would suffice is x ≈ −3 at
M = 20.
Figure 2 shows Esc(M) normalized at Esc(M=1)
for different values of b: 0.33,1 and 0.53, which corre-
spond to an isothermal medium with solenoidal forc-
ing, an isothermal medium with compressive forcing,
and a non-isothermal medium with solenoidal forcing,
respectively. The most important case is the result
with b = 0.53 which is what is found when the as-
sumption of isothermality is relaxed. Note that this
is very similar to b2 = 1/4 implemented in other
studies (Thompson & Krumholz 2016, and references
therein). In this case, we see a smooth rise in the
relative escape fraction with increasing Mach number,
with a 25% increase in escape fraction atM≈ 10 and
a 50% increase at M ≈ 20. Turbulence can be par-
tially captured in a simulation and a direct implemen-
tation of our results would account for the unresolved
turbulence in a simulation grid cell. The unresolved
turbulence could be measured based on the shear
forces on a grid cell as in the Smagorinsky model
(Smagorinsky 1963).
Figure 3 shows the effect of opacity on the escape
fraction. In highly opaque cells, introducing the col-
umn density PDF of a supersonic turbulence make a
large impact on the escape fraction of photons rela-
tive to a constant density assumption. This potentially
have a large impact on the escape of ionizing photons
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FIG. 2.— The enhancement of the escape fraction of LyC pho-
tons as a function of M relative to fixed column density of 〈Σ〉.
The three curves correspond to three values of b : 0.33,1 and 0.53,
which correspond to an isothermal medium with solenoidal forc-
ing, an isothermal medium with compressive forcing, and a non-
isothermal medium with solenoidal forcing, respectively. The es-
cape fraction is modeled based on Eq. (5), assuming a turbulent
power spectrum with p(k) = k−α and α = 2.5. The escape frac-
tion is increased by 25% atM ≈ 10 and by 50% atM ≈ 20 for
the case of b = 1/2 which is the case when detailed chemistry is
calculated for the turbulent gas. This calculation does not take into
account the reduction of the HI fraction in turbulent media. We have
assumed κν〈Σ〉 = 1 in this calculation.
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FIG. 3.— The enhancement of the escape fraction of LyC pho-
tons as a function of κν〈Σ〉 (mean opacity) relative to fixed column
density of 〈Σ〉. The three curves correspond to three values ofM:
5,10 and 20 and we have considered b = 1/2 for all the curves.
The escape fraction is modeled based on Eq. (5), assuming a tur-
bulent power spectrum with p(k) = k−α and α = 2.5. Resolving
turbulence becomes more crucial for more opaque cells in a simu-
lation and this can potentially have a large impact on the escape of
ionizing photons in star forming cells which are generally located in
highly opaque regions.
from star forming regions in a simulation in that star
formation takes place in more opaque regions than
the average opacity of the galaxy.
The calculations so far assume that the abundance
of neutral hydrogen does not change with the increase
of turbulent Mach number. However, recent non-
isothermal, isotropic simulations show that even when
the average temperature is 5 × 103 K, the HI fraction
can drop below 50% for a wide range of 1 <M < 12
(Gray & Scannapieco 2016). Note that the density
variance-Mach number relation in this case is similar
to what we have assumed in our calculations (Gray
et al. 2015; Gray & Scannapieco 2016).
4Other studies have considered the impact of self-
gravity and thermal energy from supernovae on the
turbulent density distribution. Slyz et al. (2005), like
Gray et al. (2015), found that the density PDF is log-
normal when one includes cooling and turbulent driv-
ing. They also showed that the addition of self-gravity
causes the PDF to exhibit a high-density tail, cor-
responding to collapsing gravitationally bound struc-
tures (Klessen 2000; Federrath & Klessen 2013).
However this has little effect on the low density end
that determines fesc. When thermal feedback is in-
cluded in their isotropic simulations, however, the PDF
becomes bimodal as most of the volume becomes
heated to high temperatures. Although, in a real
galaxy, much of this hot gas is likely to be vented away
in an outflow, its presence will nevertheless cause fesc
to increase even more than in our estimates above.
Thus while various pieces of physics can affect the
density PDF in a supersonic turbulent gas, the results
show these changes will generally enhance the low
density part of the density PDF and therefore will fur-
ther enhance the escape fraction.
3. TURBULENT MACH NUMBER AT HIGH REDSHIFTS
Regardless of the detailed physics, the efficacy of
small-scale turbulent structures in facilitating reioniza-
tion will depend on turbulent Mach numbers being
large in high-redshift galaxies. Yet there are several
theoretical and observation clues that this may indeed
be the case. From a theoretical point of view, Wise
et al. (2008) found that turbulent Mach number rises
toM ≈ 2 − 4 in simulations of galaxies at high red-
shifts, when the halos becomes gravitationally unsta-
ble and start to collapse. Greif et al. (2008) show that
inflow of cold gas along high-redshift cosmic filaments
is supersonic, leading to a high level of M ≈ 1 − 5
turbulence in accreting galaxies. Sur et al. (2016) dis-
cuss the turbulent velocity dispersions expected to be
caused by gravitational instabilities in rotationally sup-
ported structures, showing they are likely to be much
greater at high redshifts.
From an observational standpoint, at high redshifts,
smaller sizes and higher temperatures can create
extreme environments that lead to highly-supersonic
structures (Chabrier et al. 2014) with 10<M< 100.
Disk settlement happens at redshifts z < 1.2 (Kassin
et al. 2012) and the structure of galaxies at higher red-
shifts is clumpy in nature (Guo et al. 2012; Mandelker
et al. 2014; Moody et al. 2014; Guo et al. 2015; Man-
delker et al. 2016) with line-of-sight velocity disper-
sions typically five times higher than in the local uni-
verse (Green et al. 2010). These clumpy structures in-
dicate that disks at high redshifts are not stable, which
leads to a highly-turbulent interstellar medium (ISM).
A highly-turbulent ISM is also observed at z ≈ 2.3
in the lensed star forming galaxy SMM J2135-0102
(Swinbank et al. 2011). The measured mid-plane hy-
drostatic pressure of SMM J2135-0102 is estimated to
be Ptot/kB ≈ (2±1)×107 K cm−3 which is≈ 1000×
higher than what is found for the Milky Way and only
comparable to local ultra luminous infrared galaxies
(Downes & Solomon 1998). In fact Swinbank et al.
(2011) find that supersonic turbulence is dominant on
all scales down to ≈ 100× smaller than kinematically
quiescent ISM of Milky Way and a supersonic turbu-
lent theory can explain such observations (Rathborne
et al. 2014). Strong lensing studies of the ISM of high-
redshift galaxies appear to be the path forward to test
the theories of turbulent structure at redshifts relevant
for reionization.
4. CONCLUSIONS
We have shown that the escape probability of LyC
photons increases significantly with Mach number in
supersonic turbulent gas. This is due to two rea-
sons. First, at higher Mach numbers, the column
density PDF becomes broader, characterized by the
relation between the dispersion of the PDF and the
Mach number of the flow. This leads to more sight-
lines with very low opacities, which are the candidates
for the escape of ionizing photons. Second, simu-
lations of supersonic turbulent flow which track the
detailed abundance of the elements through chemi-
cal networks show a drop within a factor of 2-3 in the
fraction of neutral Hydrogen atM ≈ 10 even at tem-
peratures ≈ 5 × 103 K. These two effects combined
can enhance the escape fraction of LyC photons by a
factor of more than 3 in flows with M ≈ 10, values
expected to be typical in high-redshift galaxies.
The impact of resolving the density PDF on the es-
cape fraction increases for the regions with high opac-
ity (Figure 3). However, it should be noted that star
formation happens in dense regions and therefore the
sources of ionization do not experience the average
column density of the galaxy they reside in. If a star is
born in a high density region, an estimate of the Eddy
turnover time scale given the unresolved turbulent ve-
locity and cell size (tEddy ≈ 10( ∆(x)100 pc )( 10 km/svturb )Myr)
should be compared with the lifetime of the star
(tage ∼ Myr). In the case tEddy >> tage then it would
not be physical to replace the column density of the
cell with its equivalent supersonic turbulence box. The
turbulent velocity and cell size are related through the
assumed supersonic power spectrum.
Currently the detailed chemistry of species in an
isotropic turbulent box is carried out up to M≈ 10.
It can be that at higher Mach numbers, we might see
an even more dramatic drop in the neutral Hydrogen
fraction which would enhance the escape of LyC pho-
tons. Separately, a more careful study of the driving
scale of turbulence in high-redshift galaxies needs to
be conducted to determine the minimum spatial res-
olution needed to capture the turbulent structure of
their ISM and its impact on the escape fraction of Ly-
man continuum photons.
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